Sulphur dioxide (SO2) gas is routinely used in the table grape industry as a chemical preservative. A balance between enough gas for decay control and a low enough dose to prevent a phytotoxic effect on the grapes is required. Engineering SO2 generating pads that emit a suitable concentration of gas is therefore of the utmost importance for the table grape industry. The aim of this paper is to demonstrate the development of a novel method through which the quality of SO2 generating pads and the amount of gas it releases can be monitored. The aim of this paper is therefore to demonstrate a high-resolution X-ray tomography methodology designed particularly for the quantitative analysis of polymeric non-woven layered materials used in the production of SO2 generating pads. The quality and structure of the non-woven materials is of interest since it may influence the rate at which the concentration of SO2 is released from the pads. The scanning procedure for this sample type is described in addition to specialized image processing steps, which allow quantitative analysis of various parameters of interest for quality comparison. A quantitative comparison of three commercially available products is included and this demonstrates the potential use of this method in quality control and comparison of different suppliers or competitors. This method could be applied to any low-density fibrous material where fibres have a diameter of more than approximately 6 microns.
Comparison and quality testing of polymer non-woven postharvest preservation sheets using X-ray tomography
INTRODUCTION
For more than half a century sulphur dioxide (SO2) has been used as a chemical preservation for the postharvest preservation of table grapes. Currently no other alternative chemical exists with the same level of efficacy against decay development (Gao et al., 2003; Zhang et al., 2003) . The SO2 gas can be administered in two different forms, either as a largescale fumigation, or in the form of Sulphur dioxide generating pads (SO2 pads).
Container fumigation is conducted at 32°F (0°C) for export markets to preserve fruit and prevent decay development during shipment. Fumigation, however, has various limitations and dangers linked to it. A high concentration of gas is required to reach the surrounding grape atmosphere, but care should be taken that levels do not cause phytotoxicity. Additionally, residue levels need to be kept below 10 ppm, as per regulatory requirements (Crisosto et al., 2002; Zoffoli et al., 2008) . When fumigation is done, Sulphur powder is burned and subsequently generates SO2. Therefore, finding the perfect level of gas concentration is difficult and in many cases, cannot be controlled as necessary. The fumigation process is also influenced by the type of container, the number and position of fans installed in the container and the air flow channels available in the container. If too much free moisture is present on the grapes and the air flow is not sufficient, the grapes can be damaged. Damages included SO2 burn and micro-cracking of the grape skin (Crisosto et al., 2002) .
A suitable alternative to fumigation are the frequently used SO2 pads. They allow for a slow, controlled release of the SO2. It acts as a suitable alternative to fumigation, presenting a better controlled balance between the amount of SO2 generated and phytotoxicity. For the SO2 pads, the gas concentration released is heavily dependent on the % active ingredient included (sodium metabisulphite in this case), temperature, humidity and quality of materials required for production (Crisosto et al., 2002) . If the quality is not up to standard, a higher level of SO2 gas will be present which creates a risk of phytotoxicity in the form of burn and hairline cracking, as with fumigation . Manufacturing of the SO2 pads requires intensive chemical engineering to prevent these side effects from occurring.
X-ray micro computed tomography (microCT) is an emerging materials analysis tool which is used particularly in cases where non-destructive three-dimensional imaging is advantageous, compared to traditional surface analysis or 2D tools. The method finds application in the visualization of internal details of all kinds of materials without physical sectioning of the sample under investigation. In addition, quantitative analysis is possible in the form of linear or volumetric measurements. The method has recently been reviewed by Maire and Withers (2014) for materials science applications, by Cnudde and Boone (2013) for geoscience applications, and by Schoeman et al. (2016) for food science applications. Non-destructively investigating the internal details of objects finds application in many diverse fields as shown for example in du Plessis et al. (2016a) .
One of the major applications of X-ray microCT is the analysis of porosity in 3D, where each pore space is individually measured in terms of volume, surface area and other parameters, for example see the analysis of spherical porosity in concretes in du Plessis et al. (2016b) or small spherical porosity in metal samples in du Plessis and Rossouw (2015) . This type of analysis has become routine in the inspection of porous materials, but the analysis becomes a challenge when the total porosity becomes excessively high, leading to pore spaces which are connected with one another in 3D space, as is the case in foam-like materials, meshes or similar low-density materials (with high void:material fractions).
X-ray tomography has been used widely in the characterization and analysis of fibrous materials. For example, Faessel et al. (2005) studied wood fibres in composite wooden materials, using synchrotron X-ray tomography. Krause et al. (2010) studied the fibre orientation in composites and this type of analysis has become routine in the last few years for quality inspection of woven fibre composites. Besides the directionality of the fibres, the porosity of the fibre composites and the porosity within the fibres have been studied widely, see for example a recent study by Madra et al. (2014) . Studies have also been conducted on woven fibre composites under load with in-situ X-ray tomography, some recent results are reported in Yu et al. (2016) .
Low-density materials similar to polymers such as fuel cells with carbon fibre gas diffusion layers and polymer microporous layers have been analyzed for 3D pore structures and permeability, see for example Ostadi et al. (2010) and Burheim et al. (2015) .
X-ray tomography has also been applied to the characterization of non-woven polymer materials in particular, in a study using a combination of X-ray tomography, scanning electron microscopy (SEM) and mercury porosimetry, where the focus was on pore size analysis (Manickam and McCutcheon, 2012) . In another study the use of X-ray tomography was demonstrated for characterization of fibre orientation of non-woven polymer fibre fabrics (Soltani et al., 2015) .
Here we report on the methodology not particularly for porosity or fibre orientation, which has been the focus of most studies, but more generally for a variety of parameters that can assist in the quality inspection and for comparison of different non-woven materials manufactured in different processes. This demonstrates the wider type of microstructural information that can be gained relatively simply in laboratory X-ray tomography facilities and how this can assist in understanding the material structures of interest. In this paper we focus particularly on non-woven polypropylene materials containing a slow-release preservative used for the post-harvest preservation of various fruits. Different manufacturing methods produce different variations of the non-woven material, which could influence the release rate of the preservative enclosed in the sheet. Besides the release rate, the integrity of the sheet and prevention of possible delamination is essential. The microstructural information gained from microCT could be correlated with the actual performance observations of the different non-woven sheets.
MATERIALS AND METHODS
Samples were supplied in sheets and 2.5 mm squares were sectioned from each nonwoven sheet for high resolution X-ray tomography. Four sample types were studied in this work: one non-woven sheet without any preservative used for demonstration of the analysis procedure, and three commercially available sheets containing the preservative sandwiched between non-woven and a polyethylene film, for quantitative comparison. The commercially available products are referred to as products A, B and C and actual names are withheld for commercial purposes. The non-woven structure is of interest as it may affect the release rate of the preservative in vapour form, and may also affect the structural integrity of the layered material. Some materials of this type have been known to have the coating delaminate from the non-woven mesh, which can allow direct contact of the active agent with the fruit.
Sample mounting involved a 2.5-mm square placed in a rigid foam fixed on the top of a glass rod. The instrument used in this study is described in more detail in du Plessis et al. (2016a) and was a General Electric Nanotom S, the settings used were 60 kV and 240 µA. Optimization of scan parameters was performed using the guidelines in du Plessis et al. (2017) . Continuous scanning was used with 1600 images recorded in a full rotation of the sample. Acquired X-ray projection images were reconstructed into a 3D data set using system-supplied software. All image analysis was performed in Volume Graphics VGStudioMax 3.0 in this study, but similar procedures as described here can be performed in other software packages.
The first step in the image processing involves de-noising using an adaptive Gauss filter. This is followed by a basic surface determination function, using manual threshold selection such that the material of interest is selected, in addition to noise in the outside of the material. A region of interest (ROI) is selected from the surface, and morphological image operations are applied to first remove internal cavities that might be open to the surface (opening function) and then the closing function is used to remove small noise particles exterior to the material of interest. This new ROI is then used as starting contour for a new advanced surface determination, where local optimization is done for the determination of the surface edge, without human/operator bias. This segmentation is a prerequisite for basic 3D viewing and simple analysis (e.g., volume of fibre material). In order to determine the total material volume including internal pore space of the entire sheet section, a further segmentation was required, involving a sequence of dilation operators followed by erosion operators, effectively determining the edge of the fibrous material but including all internal air space. This was followed by the use of the foam structure analysis module, the wall thickness analysis module as well as the fibre orientation module in VGStudioMax 3.0 using standard settings.
RESULTS AND DISCUSSION
The basic image segmentation process results in a 3D rendering as shown in Figure 1 , for the non-woven material without any additional coating or layers. This material is a polypropylene-based non-woven material used in the production of Sulphur-dioxide (SO2) generating sheets. The pads act as a postharvest preservative of fresh produce, by preventing fungal pathogen development, in particular Botrytis cinerea (Mustonen, 1992; Carter et al., 2015) . The non-woven functions as a barrier between the fruit and the preservative in accordance to safety regulations. It additionally may prevent or limit SO2 exposure, which may result in phytotoxic effects on the fruit (Crisosto et al., 2002) . The fibres are clearly visible and the squares are regions where the fibres have been molten together to keep the mesh together. This basic result can be useful for qualitative inspection purposes as the 3D view can be rotated and 2D virtual cross-sections can be viewed anywhere across the material.
The next analysis step is a fibre orientation analysis, which is shown in Figure 2 . The colour-coding shows the orientation vector of each point in space, therefore individual (bent) fibres do not have a single direction value but many directions, as expected for a non-woven material. The analysis produces visual information, as well as quantitative values of the mean orientation tensor directions, which can show when more fibres lie in one direction, which could be the case when the production process is not ideal and which will affect the integrity of the material. To calculate the pore size distribution, the "foam structure analysis" module of VGStudioMax 3.0 was used. The result in Figure 3 shows a 3D rendering of the pore spaces, each with an individual colour to visually more clearly indicate the pore spaces, while sorting the pore volumes and statistical analysis shows a peak pore diameter at approximately 80 µm in this case. This information is valuable in the postharvest industry, because the product efficacy could be closely linked to the amount of gas that is allowed through the material/pores and whether it can efficiently prevent direct contact between the preservative and the fruit, in adherence to safety regulations.
The average fibre thickness can be measured statistically by making use of the "wall thickness analysis" function, as demonstrated in Figure 4 . The colour coding shows varying thickness of the material, in this case the fibres are mainly in the region of 16 µm in diameter while the squares seem to be in the region of 4-6 µm. Quantitative analysis results in the form of a histogram is available from this data as shown in Figure 4 . The above method has been used to compare three commercial products -the 3D images of these products are shown in Figure 5 and Table 1 contains the analysis results. The first three samples all have similar values of average pore diameter and total number of pores, while the Product C sample has significantly more pores and has a smaller average pore size. This indicates a more complex structure, which can negatively affect the release rate of the vapour phase preservative. In all four samples the material volume fraction is between 13 and 20%, but Product C has thinner and more fibres. A calculation was made whereby the effective number of fibres per volume element can be compared between samples, giving almost identical values for the first three samples but a significantly higher "packing density" value in Product C. This last sample was chosen as a low-quality and cheap product for comparison so differences are to be expected. Specifically, in this case, the thinner fibres require a denser packing to ensure a similar total volume fraction. This may cause differences in the release rate of the preservative and may also affect the structural integrity of the material, especially the adhesion of the coating layer to the non-woven material due to the thinner fibres (a thinner fibre has a smaller cross sectional area of contact with a flat film for adhesion). Additional linear measurements of the molten areas sizes are included, as well as the total thickness of the material in each case, as these could also affect the preservative release rate. analysis results shown in Table 1 . Figure 6 shows two cases where X-ray tomography can assist in identifying problems. The first (Product B) is where the preservative coating (thin layer on top) was applied to the opposite side compared to the molten squares, leaving large pore spaces between the coating and melted squares. These large pore spaces, under changing environmental conditions such as during product transport, can potentially lead to condensation of trapped water vapour and acts to potentially accumulate salt precipitates. The second image (Product C) shows a double-coating where the top coating is not well connected with the one below it, leading to easy delamination and exposure of the preservative to the fruit. 
CONCLUSIONS
We have demonstrated the use of X-ray tomography for qualitative and quantitative analysis of SO2 generating pads containing non-woven fibre meshes and used this method to compare different commercially available products. The problem identified in product B can be correlated to the observed crystallization of salts due to the poor resulting permeability and build-up of water vapour, as well as the weaker adhesion of the non-woven with the coating, leading to easier delamination. The delamination observed in the X-ray tomography slice images in product C has also been observed in practice, as the product is known to delaminate easily and thereby expose the fruit directly to the active agent. In addition, the thinner fibres may lead to poorer permeability relative to the lower packing density of the larger fibres in the other types presented.
The methods used may find application in quality control of these types of materials and in comparison with competitor products. By identifying integral problems with the SO2 generating pads structure on a micron level, proper engineering of the sheet can be ensured to allow for a regulated and controlled release of SO2 during fruit storage. Therefore, a simple method has been developed to provide a fibre packing density value (or number of fibres per unit volume) which correlated well with different manufacturing methods.
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